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LOW VOLTAGE IMPULSE TESTING ' 
OF POWER TRANSFORMERS 
By 
Alan Gregg Richenbacher 
ABSTRACT 
The electric utility industry's investment in power transformers 
has been rapidly rising in recent years due to many factors. Some of 
these factors are: 
1. Refinement of manufacturer's design techniques. 
2. Increases in power system fault duties due to decreased 
impedances of system components and increased size of generators in 
systems. 
3. Increase of transformer shipping damage due mainly to the 
deterioration of the nation's railroads. 
4. An increased awareness of savings for the utilities resulting 
from decreases in power transformer insulation levels. 
All these factors necessitate accurate and sensitive power trans- 
former testing, since not only does a transformer failure represent a 
capital loss in itself, but also it affects adjacent equipment, genera- 
tion downtime, transformer spare requirements, and several other 
factors.  The technique of power transformer testing, known as Low 
Voltage Impulse Testing (LVI), was developed by Dr. Lech in Poland early 
in 1966.  Today, power transformer manufacturers and utilities have 
begun to experiment with this testing technique.  LVI testing is a 
procedure of applying a pulse signal of approximately 1,000 volts 
amplitude with a rise time of less than 100 nanoseconds to the trans- 
former and viewing the associated response to this signal on an oscil- 
loscope.  High sensitivity is derived from this test from the fast rise 
time of the excitation pulse and the differential technique used in 
viewing the pulse response.  While the sensitivity of LVI testing is 
widely acknowledged, difficulty remains with the interpretation of the 
resultant waveforms. 
To date, interpretation of LVI responses has been largely a matter 
of historical comparison.  If the responses to LVI testing, taken 
before and after shipment of a transformer, are compared and found to be 
exactly the same, no internal changes would have taken place within the 
transformer and, therefore, the unit would be placed in service. 
However, difficulties arise when the responses of LVI testing, as viewed 
through the oscilloscope at the point of destination, differ with the 
LVI test responses obtained at the point of manufacture. 
This thesis examines various damage conditions commonly found in 
power transformers and their accompanying Low Voltage Impulse test 
responses.  Frequency domain analysis techniques are used in order to 
determine whether or not there are any clear and consistent relation- 
ships between these changes and their accompanying responses. 
Specifically, the three damage conditions which commonly affect 
power transformer windings were examined as follows: 
• Axial Winding Damage 
• * Radial Winding Damage 
• Insulation Failure to Ground 
The LVI responses to these conditions at various locations through- 
out a typical power transformer winding are examined in both the time 
domain, through the oscilloscope, and the frequency domain, through the 
application of the Fast Fourier Transform.  These damage conditions 
were simulated on a 5000 kva power transformer which was untanked for 
experimentation. 
Conclusions were reached concerning the sensitivity of the LVI 
testing technique to the three damage conditions mentioned above, that 
certain kinds of winding damage produce characteristic responses in the 
frequency domain, and that an effective and thorough transformer testing 
program should include LVI testing along with the more traditional 
tests. 
CHAPTER 1 
PRESENT TRANSFORMER TESTING TECHNIQUES 
Electric utilities presently employ several techniques in an 
attempt to detect incipient failures of power transformers.  These tests 
are conducted primarily at the rated frequency of 60 hertz and at rated 
or reduced voltages. 
The most important of these are: 
1. The Doble Test which measures the integrity of the insulated 
system in a power transformer by applying a 2-12 KV, 60 hertz voltage to 
the transformer windings and measuring the leakage current across a 
specific part of the insulation system. 
2. The Transformer Turn's Ratio Test (TTR) which measures the 
turns ratio of the transformer in an attempt to detect turn-to-turn 
faults in a given winding. 
3. The "Megger" Test which is another measure of insulation 
integrity.  This test is accomplished using a balanced bridge scheme and 
an applied voltage of between 100 and 1,000 volts.  The "Megger" test is 
only useful in testing winding-to-winding or winding-to-ground insula- 
tion systems. 
In this chapter, the detail description of these and other trans- 
former testing techniques now in widespread use by utilities are 
presented in order to set the historical prospective for the discussion 
of some new techniques. 
Doble Testing 
The purpose of the Doble testing technique is to detect failure 
hazards in the insulation system of a transformer by non-destructive 
methods before the failure occurs, thus preventing loss of service and 
permitting the insulation to be reconditioned.  An efficient, compre- 
hensive test program formulated on these principles can, therefore, be 
set forth which will minimize insulation failures. 
Doble test equipment is designed for use in both the field and in 
the laboratory.  It is shielded to minimize internal losses and the 
effects of external electrostatic interference, thus permitting its use 
under field conditions. 
The Doble test set measures the current and dielectric loss of 
apparatus insulation at any test voltage between 2 KV and 12 KV at a 
frequency of 60 hertz.  From these basic test data, power factor, 
capacitance, and equivalent AC resistance can be computed. 
The basic principle of this non-destructive testing is the 
detection of some measurable change in the characteristics of an 
insulation which can be associated with the effect of such destructive 
agents as water, heat and corona.  In general, an appreciable increase 
in the AC dielectric loss, current (capacitance), or power factor of an 
insulation is an indication of some deterioration in the insulation 
system. 
The interpretation of test results involves the use of standards 
based upon correlated test data for normal and abnormal power-apparatus 
insulation systems for various types of equipment.  As power factor is 
the ratio of dielectric loss to charging current and, consequently, 
independent of the amount of insulation under test, it is the most 
commonly used criterion for judging the condition of insulation systems, 
Power-factor standards and other criteria for various types of equipment 
\ ' % 
are generally based on field experience or data collected over a pe%Lod 
of years on actual equipment. 
General Description of Doble Test Equipment 
The Doble test set is a device designed for testing the integrit? 
of electrical insulation systems in the field by measurements of watts- 
loss and current at a given applied voltage when connected to a commer- 
cial 120 volt 60 hertz source.  From these measurements, the power 
factor and capacitance may be subsequently calculated.  This test 
equipment typically has the range up to approximately 2 amperes.  It is 
suitable for testing equipment such as bushings, potheads, insulators, 
circuit breakers, lightning arrestors, insulating oils and askarels, 
instrument transformers, power transformers of all sizes, rotating 
machinery and cables in lengths up to approximately one mile.  The 
characteristics, voltage reading and condition of the cable may vary 
the lengths of cable which may be tested. 
Physically, the Doble test set consists of six units:  the instru- 
ment case, transformer case, resonator, accessory case, high-tension 
cable and oil cell. 
These units are described as follows: 
Instrument Case - It is typically constructed in the form of a 
suitcase that weighs approximately 30 lbs.  It houses such components as 
the voltmeter, a current-watt meter, an electronic amplifier and other 
control components. 
Transformer Case - This unit typically weighs approximately 150 
lbs.  The transformer case houses the necessary apparatus used to control 
and to supply the high voltage impressed on the standard test specimen. 
It contains the transformer, a voltage-control unit, a standard 
capacitor, a circuit breaker, fuses, reversing switch, surge protectors, 
the amplifier power supply and other component parts. 
Resonator - This unit typically weighs approximately 200 lbs.  It 
houses a variable inductor and its controls. 
Accessory Case - This is typically a lightweight fiber suitcase 
used for carrying various leads and accessories such as the 110 volt 
supply cord, an extension safety switch, an ungrounded-specimen test 
lead, ground leads, metal collars, cable hooks, an oil-cell surge 
protector and other spare parts such as fuses. 
High-Voltage Test Cable - This cable provides the necessary 
shielded high-voltage connection between the test set and the unit 
under test.  It is a cable approximately 60 ft. in length. 
Oil Cell - This unit is a specially designed container for making 
power-factor tests on samples of oil and/or askarels. 
\ \-, 
When power-factor and dielectric-loss\tests are made on insulation, 
it is desirable that the test set be equippecf^with a guard circuit 
which provides a means by which certain undesire^cj currents may be 
diverted from the meters and thus not measured.  The guard circuit may 
be established near ground potential or near test potential.  These two 
available guarding systems are sometimes called the cold-guard and the 
hot-guard systems, respectively. 
General Theory of Operation 
The Doble test set may be used without the resonator for test 
/*■ 
/. 
currents up to approximately 200 milliamperes.  This range may be 
extended to approximately 2 amperes by inserting the resonator (a high- 
voltage variable inductor) between the test set and the transformer 
under test. 
The test set has a special measuring circuit in which the total 
current of the unit under test is first indicated on the meter.  Then a 
balancing network is switched into the measuring circuit and the capaci- 
tive component of the current is balanced out, leaving the in-phase 
component of current indicated on the meter.  A simplified schematic 
diagram of a typical Doble test set is shown in Figure 1-1, page 10. 
When the amplifier input is connected to position A, the output 
meter is adjusted by a control on the panel to read full scale for 
calibration purposes.  When the amplifier input is connected to position 
B, the meter reading depends -on the voltage across K, which is the 
product of IL and the test specimen current.  The product of the meter 
reading and the current multiplier gives the current flowing through the 
transformer under test. 
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With the amplifier input switched to position C, the input voltage 
consists of both the voltage across R, and that across Z .  With respect 
b m 
to the amplifier input, these two voltages are in opposition to one 
another and may be made to balance each other partially by adjustment of 
the coupling between Z  and Z .  A complete balance is not possible 
am 
since the voltage across R^ in the test circuit includes both an in- 
phase (leakage) component and a quadrature (capacitive) component, while 
in the standard circuit, the selection of components is such that only a 
quadrature voltage appears across Z .  The magnitude of this latter 
voltage may be varied.  Instead of a null or complete balance, there- 
fore, only partial balance or a minimum meter reading is obtained, the 
magnitude of which is directly proportional to the voltage across R^ 
resulting from the in-phase (leakage) current in the test specimen.  The 
product of the minimum meter reading and the watts multiplier is, 
therefore, equal to the watts-loss dissipated in the insulation system 
of the specimen under test. 
The power factor of the specimen is then equal to the ratio of the 
watts-loss to the product of the test voltage and the current flowing 
in the specimen under test. 
Testing Two-Winding Power Transformers 
The insulation systems involved in two-winding power transformers 
are shown schematically in Figure 1-2, page 12.  The insulations 
indicated as C , C , and C  are, respectively, the insulation between 
11 
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the high side and ground, the insulation between the low side and 
ground, and the insulation between the high and low voltage windings. 
These insulations, although actually distributed along the windings, are 
shown as single capacitors in the drawing for the sake of simplification. 
These insulations are not made up of a single dielectric:  For instance, 
C , the insulation between the high side and ground, includes the 
bushings, the insulation between the high winding and ground, and the 
oil between the winding and ground. 
Readings are made on C and C directly.  When the high winding is 
energized and the low winding is guarded, the insulation C. is measured. h 
When the low winding is energized and the high winding is guarded, the 
insulation C  is measured.  By making additional tests (shown in Table 1 
page 14) and a simple computation, the insulation C, .. is obtained. hi 
In general, transformer windings connected to the guard circuit 
will have no appreciable effect on the accuracy of the test results. 
The test procedure is as follows: 
1. Isolate transformer from live bus. 
a 
2. Disconnect all external leads from the bushing terminals. 
3. Disconnect the neutrals of each winding from ground. 
13 
Short circuit each winding at its bushing terminals. 
5.   Ground the tank. 
6.  Make the series of tests as outlined below. 
Test 
1 
2 
3 
4 
Tabl e 1 
Winding 
Energized 
Winding 
Grounded 
Winding 
Guarded 
high 
high 
low 
low 
low 
high 
low 
high 
Two-Wind ing Transformer Tests 
Having performed these tests and measured the currents and watts 
for the individual insulations, the power factors may be calculated. 
Example:  Assume that the readings in Table 2, below have been 
obtained on a transformer at a temperature of 45°C. 
> 
Table 2 
Test KV Milliamps Watts Power Factor 
1 10 16.4 3.45 — 
2 10 6.3 1.55 2.5CL h 3 10 26.5 5.2 
4 10 16.5 3.25 2ci 
14 
Power factors for oil-filled transformers may be adjusted to 20°C 
by using the transformer top-oil temperature and the multipliers listed 
under the heading "Oil and Oil-Filled Power Transformers" in the Doble 
Type MHE instruction manual.   For example: 
2.5 x .34 (correction factor) = .85 (power factor at 20°C) 
In the case of water-cooled transformers, the temperature of the 
transformer may decrease after the load is removed.  This condition 
should be taken into account. 
It is also considered a good practice to make a power factor test 
on a sample of oil removed from the bottom of the transformer, regard- 
less of the power factor values obtained for the overall tests of the 
transformer. 
Although no definite standards have been established in grading 
transformer insulation on the basis of power factor limits, it is 
believed that an oil-filled power transformer having a power factor at 
20°C which is appreciably higher than that obtained for other similar 
transformers or that has a power factor in excess of 5% at 20°C, should 
be investigated.  Of course, if all the power factors of the various 
insulations are high, and the oil sample has a high power factor, then 
it follows that the oil may be responsible for the high overall power 
factors.  This may be definitely determined by reconditioning or chang- 
15 
ing the oil and repeating the tests on the transformer.  Occasionally, a 
higher than normal power factor for C of a core form type transformer 
may possibly be caused by an ungrounded core. 
Hot-Collar tests should be' made on all bushings to which this type 
of test is applicable.   Ungrounded-specimen tests should be made 
whenever possible.  In all cases where a high power factor is obtained 
for one of the insulations to ground (C, or C.), separate tests should h    1 
be made on bushings forming a part of this insulation in order to 
ascertain whether the bushings themselves are responsible for the high 
power factor obtained for the overall test.  While it is possible to 
detect faulty bushings in small transformers by the overall test, it is 
apparent that the effect of a deteriorated or bad bushing on the overall 
power factor diminishes as the capacity of the transformer under test is 
increased. When separate tests are made on the bushings, the power 
factor of the bushings should be adjusted to 20°C based on the trans- 
former oil temperature. 
Transformer Turns Ratio Test 
The transformer turns ratio test is designed to measure accurately 
the turns ratio of transformers which is less than 130, and to give a 
direct reading of the turn ratio when the low voltage winding is the 
primary during test.  The set is so arranged that during ratio test, 
polarity is determined and the direction of open or short-circuit turns 
is facilitated. Where the winding is accessible, it offers a means of 
16 
obtaining the actual turn count.  Transformers having ratios as high as 
330 may be measured with auxiliary equipment. 
The set is used for field and shop testing of single and polyphase 
power and distribution transformers designed for 25 to 60 hertz opera- 
tion, having low-voltage winding rated at 8 volts or more and having a 
magnetizing current of less than .8 amperes at 8 volts.  These ratings 
permit testing of all types and ratings of power and distribution 
transformers in general use.  Where the low voltage winding cannot be 
used as the primary during test, because of excessive magnetizing current 
or low voltage rating, the high-voltage winding may be connected as the 
primary.  In this application, the TTR reads*inverse turn ratio. 
The TTR is also used for comparison tests on special transformers, 
such as potential transformers, current transformers, and luminous tube 
transformers.  It will give accurate results when the percent impedance 
and percent magnetizing current are known and for which corrections can 
be made.  It will also give reasonably accurate results without correc- 
tions if the transformer primary impedance drop at 8 volts excitation is 
less than 0.1%.  In some cases of specialty transformers, it has been 
found that by winding a standard transformer in advance, it could be 
used as a comparison standard for production line testing to separate 
out defectives which do not meet voltage output or ratio specifications. 
In this case, only the no-load ratio test, which includes the effect of 
the primary excitation drum, is required. 
17 
For cases where the magnetizing current of .9 amperes at 8 volts is 
exceeded, as is found in certain network transformers of the 15,000/115 
volt class, the ammeter can be equipped with a shunt to give two ranges, 
XI, X5.  Because it is inconvenient to crank the hand-powered generator 
for high output, the TTR can be obtained with a power-operated unit 
which is capable of being operated from a 115 volt, 60 hertz supply. 
Principle of Operation 
When a transformer is excited by its low voltage winding, the no- 
load voltage ratio is almost exactly equal to the turn ratio.  The 
difference between the two ratios is caused by voltage drop in the 
primary that results from magnetizing current flowing through the 
primary.  In practical transformers, this difference is most often less 
than 0.1%. 
All electrical methods of measuring turn ratio are based on the 
above principle.  The basic problem is that of measuring no-load voltage 
ratio. 
The TTR set is arranged so that the transformer to be tested and 
the adjustable ratio reference transformer in the TTR set are excited 
from the same source voltage.  The secondary windings are connected in 
series opposing through a null detector.  When the ratio of the refer- 
ence transformer is adjusted so that no current flows in the secondary 
circuit (null), two conditions are fulfilled simultaneously.  The 
18 
voltage ratios of the two transformers are equal and there is no load on 
either secondary.  The no-load voltage ratio of the reference trans- 
former is known, therefore, the voltage ratio of the transformer under 
test is known, and its turn ratio is also known subject only to the 
errors mentioned previously. 
General Description of the Transformer Turns Ratio Test Set 
The TTR set is entirely self-contained and self-powered.  The 
following components are built into a case with cover and carrying 
strap.  This case is approximately 10" high, 8" deep and 16" long 
overall.  The approximate weight of this set is in the order of 33 lbs. 
A detailed description of the components follows: 
Generator - The source of test power is a hand-cranked permanent 
magnet A-C generator which provides 8 volts excitation at approximately 
60 hertz under normal conditions of operation.  The generator also 
supplies a source of 8 volts to be used as a reference for the synchro- 
nous detector. 
Reference Transformer - This is a tapped transformer having precise 
turn count in each tap and designed so that the primary voltage drop due 
to magnetizing current is negligible when excited at 8 volts. 
19 
Decade - Three tap switches are connected to secondary taps of the 
reference transformer.  The shafts of these switches project through the 
instrument panel and are fitted with indicating plates and control 
knobs.  Reading from left to right by facing the set, the first switch 
changes the connected turn count ratio of the reference transformer in 
steps of ten, the second switch changes the ratio in steps of one, the 
third in steps of 0.1.  The actual connected turn ratio count is set up 
by any combination of positions of these three switches and is indi- 
cated by figures which appear in the windows located above the individ- 
ual switch knobs. 
Detector - A phase-sensitive null detector is used.  It consists 
of a synchronous rectifier and a zero-center, D-C microammeter used as 
a detector.  The latter is located on the front panel. 
Miscellaneous Leads - Four leads are permanently connected to the 
set for test connections to the transformer.  Two of these are approxi- 
mately ten feet long and are provided with clamps for connection to the 
winding which is to be used as primary (generally the low-voltage 
winding).  The other leads are approximately 13 feet long and are fitted 
with clips for connection to the secondary for the test (usually the 
high-voltage winding). 
20 
Leakage Impedance Test 
Digital instruments in the temperature controlled environment are 
recommended in order to achieve repeatability within 0.1%.  It is 
essential that a 60 hertz measuring source wave form be maintained for 
each impedance test. 
Inductive bridge measurements have been found acceptable in many 
cases. 
If impedance changes occur, possible winding movement can be 
evaluated by making measurements from both the high and low sides. 
Increases of impedance measured from both directions would be an indica- 
tion of possible winding deformation. 
It is important that the single-phase impedance measurements 
include only the winding on that leg.  When the impedance of different 
legs are measured in parallel, separate winding impedance can only be 
determined by calculations. 
For core-type transformers with concentric windings, small move- 
ments in the axial direction cause small increases in inductance, but 
movement in the axial direction can result in transformer failure 
because of its progressive nature.  In general, axial movements increase 
short-circuit forces which further increase the movement, finally 
21 
resulting in winding collapse or failure of the end supporting structure. 
If failure detection by low voltage impulse testing indicates axial 
movements, then the transformer should be untanked for core and coil 
inspection. 
For core-type transformers with concentric windings, small move- 
ments in the radial direction, while causing an increase in inductance, 
may not be of serious consequence.  This is particularly true of non- 
circular windings on a rectangular core form.  In this case, the outer 
winding tends to bulge on its flat sides, and the flat sides of the 
inner winding will be pushed inward toward the core.  This radial move- 
ment may cause a large change in inductance which, in the general case, 
may not be critical to the service life of the transformer.  For this 
reason, a larger impedance variation during short-circuit testing is 
permitted. 
While changes in impedance are permissible, any change in impedance 
is acceptable only if the integrity of the insulation system is main- 
tained.  For this reason, it is recommended that complete dielectric 
tests, including impulse tests, be made on transformers with significant 
impedance changes. 
22 
Excitation Tests 
Exciting current tests should be made at rated voltage whenever 
possible, but can be made at reduced voltages if the core is demag- 
netized before each reduced voltage test.  The purpose of this test is 
to detect shorts between turns or layers of the winding.  In the case of 
windings with multiple strands, it may detect shorts between different 
strands of different turns. 
Any decrease in exciting current is not considered significant and 
is probably due to a reduction of mechanical strain in the core during 
the test.  Any turn short or short between layers in a winding will 
cause an increase in exciting current.for that leg of the core much 
greater than the 5% figure permitted by the "Distribution and Power 
Transformer Short-Circuit Test Code" and a failure is therefore 
indicated. 
A short between different strands of different turns in a multiple 
strand winding may also increase the exciting current for that leg of 
the core more than 5% and a failure is again indicated.  An increase in 
exciting current for this case is dependent on the location of the 
strand short with respect to the nearest short or connection of all 
strands in that winding.  A strand short will result in a circulating 
current in the shorted strands determined by the volts per turn on the 
core and the circuit resistance between the strands short and the 
connections of the strands. 
23 
In combination with reductions in exciting current by relief with 
mechanical strains, some strand shorts may cause increases in exciting 
current where they are not detected as obvious failures.  In cases where 
a failure is suspected, a conformation may be obtained by comparison of 
core loss before and after short-circuit testing.  These core loss tests 
should be made at rated voltage. 
For three-phase units, this comparison is best made by comparing 
the single-phase core losses on each core leg with proper allowance made 
for the difference in losses for each leg due to the dissymmetry of the 
magnetic circuit.  Core loss for a core leg containing a strand short 
will usually increase by at least 25%. 
"Megger Insulation Tests" 
The "Megger" ohmmeter is a permanent magnet, cross-coil indicating 
instrument whose accuracy is independent of the exact voltage supplied 
for the test. No compensation or further adjustment is necessary. 
The ohmmeter consists of two coils - A and B in Figure 1-3, page 
25, mounted on the same moving system with pointer attached and free to 
rotate in a permanent magnet field.  The system is then pivoted in 
spring-supported jeweled bearings. 
24 
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There are no control springs, such as used in ammeters and volt- 
meters.  Current is led to the coils by flexible conducting ligaments 
which offer the least possible restraint, so that when the instrument is 
level and no current is supplied, the pointer should float towards 
infinity. 
The deflecting coil A is connected in series with a fixed ballast 
resistance RT and the resistance under test, the latter being connected 
to the Earth and Line terminals.  The control coil B is connected in 
series with a fixed resistance R. 
Coils A and B are mounted on the moving system at a fixed angle to 
each other, and are so connected that when current is supplied, they 
develop opposing torques and tend to turn the moving system in opposite 
directions.  The point, therefore, comes to rest when the two torques 
are balanced. 
With either perfect insulation or nothing at all connected to the 
testing terminals, no current will flow in coil A.  Coil B, however, 
receives current and will take a position opposite the gap in the C- 
shaped iron core.  The corresponding position of the pointer over this 
scale is marked infinity. 
When a resistance is connected to Earth and Line terminals, a 
current will flow in the deflecting coil A and the corresponding torque 
will draw coil B away from the infinity position into the field of 
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gradually increasing magnetic strength until a balance is obtained 
between the forces exerted by the two coils.  In this manner, coil B 
acts like a restraining spring.  As shown in Figure 1-3, page 25, a 
control coil is actually in two parts forming an astatic system, B being 
the main part that develops control torque as the result of the perma- 
nent magnet field. B' is a coil mounted outside of the permanent magnet 
field, and in series with the control coil, but connected in opposition 
so that stray currents are subsequently neutralized.  In other words, 
any external fields which may ordinarily tend to displace the pointer 
from its infinity calibration will produce equal and opposing torques in 
the two parts of the control coil, thereby making a moving system free 
of any errors from that cause. 
Characteristics 
When using a "Megger" Insulation Tester, the voltage actually 
applied to the apparatus under test is a function of the resistance 
under test in series with the instrument ballast resistance or prime in 
Figure 1-3, page 25.  Voltage regulation of the generator or other 
source of supply may be considered negligible.  The characteristic is 
expressed by the formula: 
vt -  
RVi (1-1) 
(R + R* ) 
where:   V = the terminal voltage applied 
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R = the insulation resistance of the apparatus under 
test 
e 
R' = the instrument ballast resistance 
V. = the instrument voltage, i.e., the voltage generated 
3 
or applied to the instrument. 
Typically, a 500 volt instrument has a ballast resistance of 
approximately 100,000 ohms; if the resistance under test happens to be 
100,000 ohms, the rated instrument voltage of 500 volts will obviously 
be divided equally between these two resistances and the voltages at the 
Earth and Line terminals will be 250.  When testing an external resist- 
ance of 1 megohm, the terminal voltage will be about 455 volts. 
Interpretation of Test Results - Minimum Values 
Insulation resistance of electric equipment is affected by many  ^ 
variables such as equipment design, the type of insulation material 
used, including binders and impregnating compounds, the thickness of the 
insulation and its area, cleanliness, moisture, and temperature.  For 
insulation resistance measurements to be conclusive in analyzing the 
condition of the equipment being tested, all these factors must be taken 
into consideration. 
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Such factors as" design of the equipment, the kind of insulating 
material used, and its thickness and area cease to be variables after 
the equipment has been put into service, and minimum insulation resist- 
ance values can be established within reasonable tolerances.  The 
variables that must be considered after the equipment has been put" into 
service, and at the time that the insulation resistance measurements are 
being made, are cleanliness, moisture, temperature and damage to the 
insulation. 
For many years, a 1 megohm limit was fairly widely used as the 
lower limit for insulation resistance in ordinary equipment rated up to 
about 1 KV, and is still recommended for those who may not be too 
familiar with insulation resistance testing practices, or who may not 
3 
wish to approach the problem from a more technical viewpoint. 
For equipment rated above 1 KV, the "1 megohm" rule is usually 
stated:  "A minimum of 1 megohm per 1,000 volts." Although this rule is 
similarly arbitrary and may be criticized as lacking an engineering 
foundation, it has stood the test of a great many years of practical 
experience.  It gives some assurance that equipment is not too wet nor 
too dirty and has served to prevent many unnecessary equipment break- 
downs. More recent studies of the problem, however, have resulted in 
formulas for minimum values of insulation resistance that are based on 
the kind of insulating material used and the electrical and physical 
dimensions of the types of equipment under construction. 
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Acceptable insulation resistance values for dry and compound gas 
filled transformers should be comparable to those for class A rotating 
machinery, although no standard for minimum values are generally 
available. 
Oil-filled transformers or voltage regulators present a special 
problem in that the condition of the oil has a marked influence on the 
insulation resistance of the windings. 
In the absence of more reliable data, the following formula is 
suggested: 
R =  C X E (1-2) 
/KVA 
where:   R = minimum 1 minute 500 volt DC insulation 
resistance in megohms from winding to 
ground, with other winding or windings 
guarded, or from winding to winding with the 
core guarded 
C = a constant for 20°C measurements 
E = voltage rating of winding under test 
KVA = rated capacity of winding under test 
30 
For tests of winding to ground with the other winding or windings 
grounded, the values will be much less than that given by the formula. 
"R" in this formula is based on dry, acid free, sludge-free oil, and 
bushings and terminal boards that are in good condition.  Some approxi- 
mate values of C at 20°C are: 
tanked oil filled type transformer = 1.5 
untanked oil filled type transformer = 30.0 
dry or compound filled type transformer = 30.0 
The foregoing formula is intended for single phase transformers. 
If the transformer under test is a three phase type, the three indi- 
vidual windings are being tested as one.  Therefore, E will be equal to 
the voltage rating of one of the single phase windings (phase to phase 
for delta connected units and phase to neutral for wye connected unit) 
and KVA will be equal to the rated capacity of the complete three phase 
winding under test. 
The power factor of the specimen is then equal to the ratio of the 
watts-loss to the product of the test voltage and the current flowing in 
the specimen under test. 
31 
CHAPTER 2 
LOW VOLTAGE IMPULSE TESTING 
None of the transformer tests mentioned in Chapter 1 possess the 
degree of sensitivity required to detect many of the changes which 
produce incipient fault conditions in power transformers.  However, in 
the mid-1960's, a technique was developed which appears to satisfy the 
requirement's of high sensitivity and field portability at reasonable 
cost.  The technique of low voltage impulse testing (LVI) was developed 
by Dr. Lech in Poland early in 1966, and since that date, others have 
expanded on his work. 
Low voltage impulse testing detects changes within the transformer 
by application of a recurrent surge generator which applies a voltage 
pulse to one or more terminals of a power transformer while recording 
the current response at one or more terminals.  Changes in inter-turn 
capacitances produced by conductor deformation are reflected in the 
wave shape of the terminal currents.  Differential current methods have 
proven to be most sensitive for detecting winding movement and are 
recommended. 
Interpretation of the changes of the oscillographic records is 
largely a matter of experience, aided by a knowledge of the winding 
arrangement of the transformer.  In fact, some knowledge of the trans- 
former winding type, interconnection of coils and conductor length is 
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desirable to aid in the analysis of changes in the low voltage impulse 
oscillograms. 
Circuits such as those of Figures 2-1 through 2-3, pages 34-36, in 
which the difference is measured between the currents flowing to earth 
from two-phase windings which are simultaneously impulsed are also 
recommended. 
A description of the equipment required for use in LVI is as 
follows: 
Recurrent Surge Generator - Commercially available surge generators 
have much higher power capabilities than are required for LVI testing. 
For example, the pulse output of 1,000 volts of a 50 microsecond width 
and a repetition rate of 100 pulses per second into a 50 ohm load is 
a peak power of 1 watt-second.  Thus, a 10-watt output from the 
generator would be more than adequate.  Pulse rise times of 50 to 1,000 
nanoseconds appear to be adequate, although the slower front is easier 
to record without excess reflection.  Figure 2-4, page 37, gives output 
wave forms showing the effect of bearing rise times. 
Pulse widths of 200 to 1,000 nanoseconds will optimize the gener- 
ator requirement.  A requirement for pulse width is that the tail of the 
pulse should have decayed before the first reflections return, so that 
"close-in" damage is not obscured by pulse tail.  Figure 2-5, page 38, 
shows the effect of varying pulse width. 
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VARIATIONS WITH PULSE RISE AND FALL TIME 
FIGURE 2-4 
37 
VARIATIONS WITH PULSE WIDTH 
FIGURE 2-5 
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A pulse rate of 60 to 100 pulses per second appears to be adequate 
for most test purposes. 
The magnitude of the voltage pulse must be high enough to obtain a 
significant received signal.  Generator voltages of approximately 300 
to 1,000 volts are recommended in order to obtain the desired sensi- 
tivity. 
Signal Transmission - A typical signal transmission system is 
described below.  Variations in this scheme are possible but the 
principles described were followed in this thesis. 
Cables - A coaxial cable can be used, triaxial cable is recommended 
(i.e., a coaxial cable with an additional shield to reduce external 
pickup).  Figure 2-6, page 40, shows a triax-coax connection block that 
can be used where cable combinations are necessary. 
The use of a multi-shielded cable such as triaxial cable is 
considered essential to the successful instrumentation of this signal 
level.  Both the signal and recording cables must be terminated in their 
characteristic impedance to minimize cable reflections and standing 
waves.  It is extremely important that all cable fittings be carefully 
assembled, and that connections be kept tight and dry.  Instrumentation 
problems are most often traced to poor or broken cable connections. 
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TRIAXIAL-COAXIAL CONNECTION BLOCK 
FIGURE 2-6 
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A coaxial ground cage (Figure 2-7, page 42) is installed around the 
bushing in order to terminate the signal cable.  This permits a low 
inductance connection of the generator and shunts to the corresponding 
bushing terminals.  Exact positioning of leads on the test transformer, 
therefore, is not critical with this component.  The coaxial connection , 
to the bushing reduces stray interference from entering into the 
measurements. Without this coaxial cage, personnel remaining on the 
transformer during LVI testing may cause changes in capacitance and 
thus produce changes in the LVI results.  This cage also improves the 
measuring sensitivity of the circuit by approximately one order of 
magnitude over single lead connections for a typical 115-138 KV winding. 
In testing lower voltage windings, the need for such a coaxial ground 
4 
cage is considerably reduced. 
All shunts used in this test circuit must be nonreactive and of 
adequate wattage in order to withstand the pulse generator output. 
A verification circuit similar to Figure 2-8, page 43, may be 
extremely valuable.  Such a circuit will permit calibration of 
comparison amplifiers, cabling, dividers and shunts, i.e., the total 
instrumentation package.  Two resistors, in the order of approximately 
5,000 to 6,000 ohms, are connected in place of the transformer windings. 
The parallel resistance value must be high enough to have a minimum 
effect on the cable and terminating impedance.  Initial tests include 
pulsing this dummy winding circuit with it temporarily mounted on top of 
41 
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TERMINAL 
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the transformer to be tested.  When any change occurs in the test 
oscillograms, the external measuring circuit to the transformer may be 
rechecked by pulsing the dummy winding to verify that the instrumenta- 
tion is operating properly. 
4 
The choice of an oscilloscope depends on the sensitivity require^. 
A dual channel instrument having a 10 megahertz band width and a 
35 nanosecond rise time is considered a minimum.  One channel must be 
able to have its polarity inverted so that both channels may be 
combined for differential response tests. 
The horizontal time base should allow sweep speeds to approximately 
.5 microseconds per division as a minimum. 
Provision should be made for photographing the oscilloscope screen, 
and polaroid 4" x 5" type 55P/N film has been found very suitable for 
this purpose.  The focal distance should be adjusted to provide a 
constant picture size if overlay of negatives is to be accomplished; 
otherwise, no special features are required.  In taking pictures, it 
should be noted that this type of film is relatively insensitive. 
Therefore, for the .5 microsecond per centimeter sweep speed, pictures 
usually require approximately a 6 to 10 second exposure with the beam 
set on normal intensity and the "f" stop adjusted to give satisfactorily 
sharp results. 
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Both the primary and secondary windings should be tested in order 
to obtain maximum amount of information.  If the time available for the 
LVI test between short circuit tests becomes limited, the secondary 
"inner" windings should be tested only.  The LVI test of the outer 
winding may be delayed until the completion of all other required tests. 
Figures 2-9, page 46 and 2-10, page 47 show test connections to 
transformers with wye and delta windings, respectively.  Figure 2-3A, 
page 36 shows a suggested connection for a single phase transformer. 
The applied pulse is connected between one line terminal and ground. 
The ground current of the winding is then measured by recording the 
voltage across the resistor.  Figure 2-3B, page 36 shows a differential 
measurement of a single phase unit.  Differential measurements similar 
to three phase LVI tests can be made if two or three single phase 
identical units are available for testing. 
Analysis of LVI Results in the Time Domain 
To date, interpretation of LVI records has been more a matter of 
experience than a defined procedure; however, there are some basic 
phenomena which seem to be related to types of changes occurring within 
the winding.  Using a differential circuit, a large change in magnitude 
seems to indicate some radial movement while shifts in phase seem to 
indicate one of the legs has moved axially.  Correlation of this type 
of movement or change from one record to another depends on the 
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sensitivity of the test setup and since responses are varied between 
transformers, it is difficult to establish a true base.  In general, 
the following criteria has been used to evaluate the possibility of 
internal damage in conjunction with the other diagnostic tests enumer- 
ated in Chapter 1: 
1. No LVI change occurs in two or more subsequent tests.  Figure 
2-11, page 49 shows five LVI records superimposed to show that amplitude 
and phase have remained constant through each test.  This would indicate 
a no damage condition. 
2. Small changes may occur in the LVI test results from one test 
to another; however, if the other tests mentioned in Chapter 1 prove 
negative, no transformer damage is indicated.  See Figure 2-11, page 
49. 
3. Small changes may occur in the LVI test results from one test 
to another, then the case may be restored to the original position. 
Again, this would indicate no internal damage (Figure 2-12, page 50). 
4. Small changes may occur and continue to grow on each subse- 
quent test (Figure 2-13, page 51).  This condition indicates a strong 
possibility of increasing internal damage and internal inspection of 
the transformer is indicated. 
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SIGNIFICANT CHANGES 
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5.   Any large change which occurs indicates possible internal 
damage and winding disassembly inspection is indicated (Figures * 2-14 and 
2-15, pages 53, 54, & 55).  Using the differential method, it is neces- 
sary to analyze all three of the combination records in order to deter- 
mine which winding has been damaged.  Changes in two or three windings 
are more difficult to separate and oscillograms of individual winding 
currents are recommended in order to aid in determining which winding or 
windings are damaged. 
Up to this time, winding deformation in the axial direction appears 
to add frequency components to the LVI traces while axial changes seem 
to relate to a phase shift.  When major axial changes occur, the wave 
form may shift close to 180°.  Radial changes seem to maintain the 
initial frequency components that result in higher amplitude changes. 
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FIGURE 2-14 
PROGRESSIVE CHANGES 
53 
FIGURE 2-15A 
AXIAL CHANGE 
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FIGURE 2-15B 
RADIAL CHANGE 
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CHAPTER 3 
FREQUENCY DOMAIN ANALYSIS 
The key to frequency domain analysis is the Fourier transform. 
A straightforward interpretation of the Fourier transform is illustrated 
in Figure 3-1, page 57.  As shown, the Fourier transform decomposes or 
separates a wave form into a sum of sinusoids of different frequencies. 
If these sinusoids sum to the original wave form, then we have deter- 
mined the Fourier transform of the wave form.  The pictorial represen- 
tation of the Fourier transform is a diagram which displays the ampli- 
tude and frequency of each of the determined sinusoids. 
Figure 3-1, page 57, illustrates an example of the Fourier trans- 
form of a simple wave form.  The Fourier transform of the example wave 
form is the two sinusoids which add to yield the original wave form.  As 
shown, the Fourier transform diagram displays both the amplitude and 
frequency of each of the sinusoids.  Accepted sign convention is 
displayed with both positive and negative frequency sinusoids for each 
frequency; the amplitude has been halved accordingly.  The Fourier 
transform then decomposes the example wave form into its two individual 
sinusoidal components. 
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The Fourier transform identifies or distinguishes the different 
frequency sinusoids (and their respective amplitudes) which combine to 
form an "arbitrary wave form.  Mathematically, this relationship is 
stated as 
oo 
S(f)   =  /    S(t)e~j27Tft dt . (3-1) 
— CO 
where:    S(t) is the wave form to be decomposed into the sum 
of the sinusoids 
S(f) is the Fourier transform of s(t), and j = /-± 
If the wave form s(t) is not periodic, then the Fourier transform 
will be a continuous function of frequency; that is, s(t) is represented 
by a summation of sinusoids of all frequencies.  The Fourier transform 
is then a frequency domain representation of a function.  Fourier 
analysis allows the examination of a function from another point of 
view, the transform or frequency domain. 
The Fourier Integral 
The Fourier integral is defined by the expression 
H 
uu 
(f)   =  /    hCt)e"j2irft dt (3-2) 
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If the integral exists for every value of the parameter f, then 
equation (3-2) defines H(f), the Fourier transform of h(t).  Typically 
h(t) is termed a function of the variable time and H(f) is termed a 
function of the variable frequency. 
In general, the Fourier transform is a complex quantity: 
H(f) = R(f) + jl(f) = |H(f)|ej0(f) (3-3) 
where:    R(f) is the real part of the Fourier transform 
1(f) is the imaginary part of the Fourier transform 
|H(f)I is the amplitude or Fourier spectrum of h(t) 
and is given by /R^(f) + I*(f) and 9 (f) 
is the phase angle of the Fourier transform 
and is given by TAN_1 [I(f)/R(f)]. 
Fourier Transform Properties 
In using the Fourier transform, there are a few properties which 
should be clearly understood.  These properties are enumerated as 
follows: 
59 
LINEARITY 
If x(t) and y(t) have the Fourier transforms X(f) and Y(f), 
respectively, then the sum x(t) + y(t) has the Fourier transform X(f) + 
Y(f).  This property is established mathematically as follows: 
OO CO oo 
/     [x(t)   + y(t)]e-j27rftdt  =  / x(t)e-j27rftdt + / y(t)e~^f^t (3-4) 
~oo —OO — oo 
SYMMETRY 
If h(t) and H(f) are a Fourier transform pair, then 
H(t) <^^>   h(-f) (3-5) 
Fourier transform pair (3-5) is established by rewriting equation 
oo 
h(-t) = / H(f)e_:i27rftdf (3-6) 
— OO. 
and by interchanging the parameters t and f 
oo 
h.(-f) = / H(t)e"j2Trftdt (3-7) 
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TIME SCALING 
If the Fourier transform of h(t) is H(f), then the Fourier trans- 
form of h(kt) where k is the real constant greater than zero is deter- 
mined by substituting tT = kt in the Fourier integral equation; 
CO 00 
/ h(kt)e-J2Trftdt =  / h(t')e-j27rt'(f/k)   dtl . 1 Hgj (3_8) 
— 00 —CO. 
for k negative, the term on the right-hand side changes sign because the 
limits of integration are interchanged. Therefore, time scaling results 
in the Fourier transform pair 
h(kt) /?=$>     -pir-H fil (3-9) MH^ 
FREQUENCY SCALING 
If the inverse Fourier transform of H(f) is h(_t) , the inverse 
Fourier transform of H(kf); where k is a real constant; is given by the 
Fourier transform pair 
-jt[h  © <Q>      'H(kf) (3-10) 
This relationship (3-10) is established by substituting f' = kf into the 
inversion formula 
CO 00 
/ H(kf)ej2Trftdf  -  / H(f')ej27Tf'(t/k)   *£- -     *     h   £)        (3-11) 
_CO —CO I I 
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where frequency scaling of impulse functions is given by 
6 (af) = -TK  6 (f) (3-12) 
TIME-SHIFTING 
If h(t) is shifted by a constant t  then by substituting s = t - t 
o o 
the Fourier transform becomes 
oo oo 
f u/-*.   ^   \   ~J2Trftj4- (  ur   \   -j2irf(s  +  t   ), I h(t-t   )e              dt  = h(s)e  J                      o  ds J
                  o J 
C3-13) 
=  e o H(f) 
The   time-shifted  Fourier  transform pair  is 
h(t-tQ) <^3>   H(f)e j2Trfto (3-14) 
FREQUENCY  SHIFTING 
If  H(f)   is  shifted by a  constant  f   ,   its  inverse  transform is 
,.,.,, j2lTtf 
multiplied by e o 
h(t)ej2lTtfo    ^Z$>   H(f-f  ) (3-15) >
    *
r o 
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This Fourier transform pair is established by substituting s = f - 
f  into the inverse Fourier transform-defining relationship 
CO 00 
( TT/.C   c   \   J27rft_ r ...   s   j2Trt(s  +'f  )    , J.  H(f-f  )e dt  =  J   H(s)eJ o     ds 
o 
—oo 
(3-16) 
j2TTtf  , , . 
= eJ   o h(t) 
FOURIER SERIES 
Although the Fourier series is normally developed independently of 
the Fourier integral, through the application of distribution theory, 
the Fourier series can be shown to be a special case of the Fourier 
integral.  This approach is significant to this thesis in that it is 
fundamental in considering the discrete Fourier transform and the fast 
Fourier transform as a special case of the Fourier integral.  It is also 
basic to an understanding of the discrete Fourier transform as a Fourier 
transform of sampled wave forms. 
Any periodic function can be represented by a Fourier series.  If 
the function varies with time, it may be represented by: 
F(t) = E  A^ COS (Nwt) + E  B  SIN (Nwt) (3-17) 
N=o N=o 
where:   w = the fundamental angular frequency 
t = the period of the wave 
A = the average or DC component of the wave 
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In this form, the terms A COS(wt) plus B  SIN(wt) represent the 
fundamental component and A COS(Nwt) + B  SIN(Nwt) represent the Nth 
harmonic component of the time varying function.  The values for A and B 
can be determined as follows: 
A  is the average value of the function 
1  T 
A = ™ / F(t)dt 
o  T 
o 
T 
\  = | / F(t) COS(Nwt)dt 
o 
T 
BN = | / F(t) SIN(Nwt)dt (3-18) 
Exact representation of a non-sinusoidal wave requires an infinite 
number of terms in the Fourier series; however, the amplitude of the 
harmonics usually decreases as the order of harmonic increases.  A good 
approximation of a damped sinusoid may usually be obtained by using the 
first few terms. 
DISCRETE FOURIER TRANSFORM 
Consider a function h(t) and its accompanying Fourier transform 
H(f) illustrated in Figure 3-2, page 65.  It is desired to modify this 
Fourier transform pair in such a manner that this transformation may be 
accomplished through digital computation.  This modified pair, termed 
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the discrete Fourier transform is to approximate as closely as possible 
the continuous Fourier transform. 
To determine the Fourier transform of h(t) by means of digital 
analysis techniques, it is necessary to sample h(t).  Sampling is 
accomplished by multiplying h(t) by a sampling function illustrated in 
Figure 3-3, page 67.  The sample interval is T.  Sampled function h(t) 
and its Fourier transform are illustrated in Figure 3-4, page 68.  This 
Fourier transform pair represents the first modification to the original 
pair which is necessary in defining a discrete transform pair.  Note 
that to this point the modified transform pair differs from the original 
transform pair only by an effect called aliasing (to be defined later), 
which is the result of sampling.  If this wave form h(t) is sampled at a 
frequency of at least twice the highest frequency component of h(t), 
there is no loss of information as a result of sampling.  If the function 
h(t) is not banned-limited; i.e., H(f) not equal to zero for some 
|f|>f , then sampling will introduce aliasing as illustrated in Figure 
3-4, page 68.  To reduce this error, we have only one recourse, and that 
is to sample faster^ i.e., choose T smaller. 
The Fourier transform pair in Figure 3-4, page 68, is not suitable 
for machine computation because an infinity of samples of h(t) is 
considered; it is necessary to locate the sampled functions h(t) so that 
a finite number of points, in this case N, are considered.  The rec- 
tangular or truncation function and its Fourier transform are illus- 
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trated in Figure 3-5, page 69.  The product of the infinite sequence 'of 
impulse functions representing h(t) and the truncation function yields 
the finite length time function illustrated in Figure 3-6, page 71. 
Truncation introduces the second modification of the original Fourier 
transform pair; this effect is to convolve the alias frequency transform 
of Figure 3-4, page 68, with the Fourier transform of the truncation 
function (Figure 3-5, page 69).  As shown in Figure 3-6, page 71, the 
frequency transform now has a ripple to it; this effect has been 
accentuated in this illustration for emphasis.  In order to minimize 
this effect, it is necessary to apply the inverse relationship that 
exists between the width of the time function and its Fourier transform. 
Hence, if the truncation (rectangular) function is increased in length, 
then the SIN(f/f) function will approach an impulse; the more closely 
the SIN(f/f) function approximates an impulse, the less ripple or error 
will be introduced by the convolution which results from truncation. 
Therefore, it is desirable to choose the length of the truncation 
function as long as possible. 
The modified transform pair described in Figure 3-6, page 71, is 
still not an acceptable discrete Fourier transform pair because the 
frequency transform is a continuous function.  For machine computation, 
only sample values of the frequency function can be computed; it is 
necessary to modify the frequency transform by the frequency sampling 
function illustrated in Figure 3-7, page 72.  The frequency sampling 
interval is now 1/Tn- 
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The discrete Fourier transform pair of Figure 3-8, page 74, is 
acceptable for the purposes of digital machine computation since both 
the time and frequency domains are represented by discrete values.  As 
illustrated in Figure 3-8, page 74, the original time function is 
approximated by N samples; the original Fourier transform H(f) is also 
approximated by N samples.  These N samples define the discrete Fourier 
transform pair and approximate the original Fourier transform pair. 
Note that the sampling in the time domain results in a periodic function 
of frequency; sampling in the frequency domain resulted in a periodic 
function of time.  Hence, the discrete Fourier transform requires that 
both the original time and frequency functions be modified such that 
they become periodic functions.  N time samples and N frequency values 
represent one period of the time and frequency domain wave forms, 
respectively.  Since the N values of time and frequency are related by 
the continuous Fourier transform, a discrete relationship can be 
assumed. 
The discrete Fourier transform is, therefore, a special case of the 
continuous Fourier transform.  If it is assumed that N samples of the 
original function h(t) comprise one period of a wave form, the Fourier 
transform of this periodic function is approximated by the N samples as 
computed by Equation 3-19.  Notation H(n/NT) is used to indicate that 
the discrete Fourier transform is an approximation of the continuous 
Fourier transform.  This transform is typically represented as 
HSf) = ^ MkT)e-J2Tmk/N   n = 0,1,2 N-l       (3-19) 
K=0 
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Three pitfalls are commonly encountered by indiscriminate applica- 
tion of the discrete Fourier transform.  These are ailiasing, leakage, 
and the picket fence effect. 
Ailiasing refers to the fact that high frequency components of the 
time varying function may look like low-frequency terms if the sampling 
rate is too low.  To avoid this condition, the highest frequency 
present must be sampled at least twice. 
Leakage consists of spurious frequency lobes around the localized 
center frequency.  These lobes are caused by convolution of the actual 
harmonics with the Fourier transform of the data window in the frequency 
domain (see Figure 3-9, page 76).  Leakage may be minimized by data 
windows that weight the side loads less than the center frequency. 
In the picket fence effect, frequencies present in the wave form 
other than integer harmonics of the fundamental may cause errors in 
the resultant adjacent integer harmonic coefficients.  Errors produced 
by this effect generally are relatively insignificant and may be 
ignored in most cases.  Data windows with depressed side lobe weighting 
also tend to minimize errors from this effect. 
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FAST FOURIER TRANSFORM 
The fast Fourier transform is simply an algorithm which can perform 
the computation of the discrete Fourier transform much more rapidly than 
other algorithms. 
In order to duly justify the fast Fourier transform, consider the 
discrete Fourier transform 
N-l , 
X(n) = E   X (k)e J/7mK/1N    n = 0,1 N-l (3-20) 
K=0  ° 
where kT is replaced by k and n/NT is replaced by n for convenience of 
notation.  If N = 4 and if we let 
w = e-j27r/N (3-21) 
then Equation (3-20) can be written as the matrix 
X(0) = XQ(0)W° + Xo(l)W° + Xo(2)W° + X (3)W° * 
X(l) = X (0)W° + X (l)W1 + X (2)W2 + X (3)W3 
o        o        o        o 
X(2) = X (0)W° + X (1)W2 + X (2)W4 + X (3)W6 
o        o        o        o 
X(3) = X (0)W° + X (1)W3 + X (2)W6 + X (3)W9     (3-22) 
o        o        o        o 
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Equations 3-21 can be more easily represented in the following matrix 
form: 
X(0) 
X(l) 
X(2) 
X(3) 
w  w  w  w 
w  w  w  w 
w  w-  w  w 
w w  w w 
o 
xo(0) 
3 xo(i) 
6 Xo(2) 
9 XQ(3) (3-23) 
or more compactly as 
X(n) = Wnk X (k) 
o 
(3-24) 
Examination of Equation 3-23, above, reveals that since matrix W 
2 
and possibly matrix X  (k) are complex, then N complex multiplications 
and (N)(M-l) complex additions are necessary to perform the required 
matrix computation.  The fast Fourier transform (FFT) owes its success 
to the fact that the algorithm reduces the number of multiplications and 
additions required in the computation of Equation 3-23. 
In order to illustrate this algorithm, it is convenient to choose 
Y the number of sample points of X  (k) according to the relation N = 2 , 
where y  is an integer.  The first step in developing this algorithm is 
then to rewrite Equation 3-23, above, as: 
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X(0) 
X(l) 
X(2) 
X(3) 
w 
w 
W" 
w 
w 
w 
w 
w 
w 
X   (0) 
o 
3 
xo(i) 
2 
1 
Xo(2) 
Xo(3) (3-25) 
Matrix Equation 3-25, above, was derived from Equation 3-23, page 78, 
by using the relationship W  = W  MOD(N).  [nk MOD(N)] is the 
remainder upon division of nk by N; hence if N = 4, n = 2, and k = 3, 
then 
w
6
 = w
2 (3-26) 
Since Wnk = W    =  exp   [{-^-)(6)]   =  exp   [-J3TT] 
=  exp   [-JTT]   =  exp   [{-j~L)(2)]   = W2  = W:   „nk MOD N (3-27) 
The second step in the development is to factor the square matrix 
in Equation 3-25, above, as follows: 
X(0) 1 wu 0 0 1 0 wu 0 xo(0) 
X(2) 1 w2 0 0 0 1 0 w° xo(i) 
X(l) 0 0 1 w1 1 0 w2 0 Xo(2) 
X(3) 0 0 1 w3 0 1 0 w2 Xo(3) (3-28) 
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The method of factorization is based on the theory of the FFT 
algorithm, i.e., the multiplication of the two square matrices of 
Equation 3-28, page 79, yields the square matrix of Equation 3-25, page 
80, with the exception that rows 1 and 2 have been interchanged (the 
rows are numbered 0, 1, 2 and 3).  Note that this interchange has been 
taken into account in Equation 3-28, page 79, by rewriting the column 
vector X(n); let the row vector interchange be denoted by 
X(N) 
X(0) 
X(2) 
X(l) 
X(3) (3-29) 
This factorization is the key to the efficiency of the FFT 
algorithm.  Equation 3-28, page 79,  contains the desired results, 
although these results are scrambled.  If the number of multiplications 
required to compute this equation are examined, it is necessary to 
examine the following relationship: 
x1(0) 1 0 wu 0 xo(0) 
x1(i) 0 1 0 w° xo(i) 
X1(2) 1 0 w2 0 XQ(2) 
X1(3) 0 1 0 w2 Xo(3) (3-30) 
That is, column vector X (k) is equal to the product of the two matrices 
on the right in Equation 3-28, page 79. 
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Element X (0) is computed by one complex multiplication and one 
complex addition (W is not reduced to unity in order to develop a 
generalized result) . 
Element X (1) is also determined by one complex multiplication and 
addition.  Only one complex addition is required to compute X (2).  This 
0 2 follows from the fact that W  is equal to -W ; hence 
X,(2) = X (0) + W2 X (2) 1      o o 
= X (0) - W° X (2) (3-31) 
o o 
where the complex multiplication W X„(2) has already been computed in 
the determination of X (0) .  By the same reasoning, X.. (3) is computed by 
only one complex addition and no multiplications.  The intermediate 
vector X (k) is then determined by four complex additions and two 
complex multiplications. 
Computation of X(n) by means of Equation 3-28, page 79, requires 
a total of four complex multiplications and eight complex additions. 
Computation of X(n) by Equation 3-25, page 79, requires 16 complex 
multiplications and twelve complex additions.  Note that the matrix 
factorization process introduces zeroes into the factored matrices and 
as a result, reduces the required number of multiplications.  For this 
example, the matrix factorization process reduces the number of multi- 
plications by a factor of two.  Since computational time is largely 
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governed by the required number of multiplications, it is therefore easy 
to see the increased efficiency of the FFT algorithm. 
For N = 2   the FFT algorithm is then simply a procedure for 
factoring an N x N matrix into y  matrices (each N x N) such that each of 
the factored matrices has the special property of minimizing the number 
of complex multiplications and additions.  If we extend the results of 
the previous example, we note that the FFT algorithm requires N yll  = 4 
complex multiplications and Ny = 8 complex additions, where the direct 
2 
method of Equation 3-25, page 79, requires N complex multiplications 
and N(n-l) complex additions.  If we assume that computing time is 
proportional to the number of multiplications, then the approximate 
ratio of the direct to FFT computing time may be given by 
N2       2N 
Ny/2      y v 
which for N = 1,024 is a computational reduction of more than 200 to 1. 
Figure 4-1, page 83, illustrates the relationship between the number 
of multiplications required using the FFT algorithm compared with the 
number of multiplications using the direct method. 
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CHAPTER 4 
APPLICATION OF FREQUENCY DOMAIN ANALYSIS TECHNIQUES 
TO LOW VOLTAGE IMPULSE TESTING OF POWER TRANSFORMERS 
Hardware 
It is evident from the discussion of the Fast Fourier Transform in 
Chapter 3 that digital processing hardware is necessary in order to 
generate the FFT of the input time series plan (in this case the LVI 
response oscilloscope trace).  This hardware falls into two broad 
categories; test time analysis hardware (such as digital programmable 
oscilloscopes) and post-test analysis hardware (such as programmable 
calculators with peripheral digitizing equipment). 
The primary advantage of the programmable, digital oscilloscope is 
that the translation of the LVI test response to the frequency domain 
may be accomplished immediately.  This makes test result information 
immediately available to those who may have to make decisions con- 
cerning the suitability of the transformer for service.  The digital 
programmable oscilloscope also minimizes the amount of data handling 
that the test operator experiences since once the FFT program is stored, 
it may be recalled and executed easily. 
Programmable, digital oscilloscopes with the band width necessary 
in order to accomplish LVI testing are, however, at this time, both 
uncommon and expensive.  The differentialing capability also needed to 
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perform LVI testing is a feature not commonly found on most digital 
oscilloscopes.  These features may be obtained on a custom basis and 
are priced accordingly. 
The second method of translating the time series into the 
frequency domain is through use of post-test analysis hardware.  This 
is the method used in this thesis.  Analysis may be accomplished with a 
general purpose programmable calculator, such as a Hewlett-Packard 9830 
or Tektronics 4051 with an associated peripheral digitizer.  The func- 
tion of the digitizer is to translate the LVI response, which is in the 
form of an oscilloscope photograph, into a set of X-Y coordinate pairs. 
These coordinate pairs are then arranged in matrix form and processed by 
the calculator with the end result being the Fast Fourier Transform of 
the original LVI response wave form.  This entire procedure utilizing 
this equipment requires just a few minutes per oscillogram and is 
usually done sometime after the oscilloscope photograph is taken.  This 
procedure, however, requires additional steps for the test operator in 
that photographs must be taken of the LVI response which represent the 
time domain and these are subsequently processed to yield the results in 
the frequency domain.  It is conceivable that the programmable oscillo- 
scope, peripheral digitizer and oscilloscope may be transported to the 
field in order to perform LVI testing, however, we have found it more 
convenient to simply transport the oscilloscope to the field and bring 
the oscilloscope photographs back to the office for digitizing at a 
later time.  Appendix 1 includes examples of 12 oscilloscope photographs 
which were digitized with a peripheral digitizer and subsequently 
translated into the frequency domain by means of a Hewlett-Packard 9830 
programmable calculator. 
The remainder of the hardware necessary for LVI testing remains the 
same as described in Chapter 2. 
Experimental Testing 
Experimental LVI tests were conducted on the core and coil unit of 
a 60 hertz, 5,000 kva, 62,700 delta-12,470 wye volt transformer.  This 
transformer was manufactured by the General Electric Company in 1927. 
This unit (Serial No. 3538568) was retired from service by the 
Pennsylvania Power & Light Company in 1975 after a bushing failure. 
The transformer was subsequently moved to PP&L's Siegfried Substa- 
tion and untanked in order to expose the core and coil unit.  Prior to 
untanking, this transformer was tested using the various test procedures 
outlined in Chapter 1 with test results indicating the transformer was 
suitable for service. 
Tests were performed on the high-voltage delta-connected windings 
since these windings were on the outside of the coil stack and, thus, 
readily accessible for experimentation.  The pulse generator and 
oscilloscope were connected as shown in Figure 2-10, page 47, with the 
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pulse applied to the H  terminal and the response recorded as the 
difference between H„ and H , 
Equipment settings were as follows: 
Pulse Generator (Velonex Model 360 with V-1874 plug-in module) 
o   Pulse width - .5 microseconds 
o   Pulse Amplitude - 80 volts 
o   Pulse Repetition Rate - 1,000 cycles per second 
o Pulse Trigger Mode - Internal PRF (unit will maintain a 
constant pulse repetition frequency of 1,000 pulses per 
second) 
Oscilloscope (Tektronix R7603 with 7A22 Differential Amplifier, 
7B50 Time Base, 7A26 Dual Trace Amplifier and C52G Oscilloscope 
Camera) 
o    7A22 Differential Amplifier - 100 millivolts per division, 
maximum band width, H connected to positive input, H 
connected to negative input 
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o    7B50 Time Base - 1 microsecond per division, trigger level 
f
     set at 1 division 
o   7A2 6 Dual Trace Amplifier - 200 millivolts per division, 
set to display one trace only 
o   C52G Oscilloscope Camera - using Polaroid Type 55P/N film - 
ASA 50, F2.0, shutter speed set at 1 second 
Oscilloscope settings are displayed on the response photographs 
in the following manner:  (Refer to upper photographs in Appendix 1.) 
o   Top left - 7A22 setting corresponding to LVI response (center 
trace 
o   Top center - 7A26 setting corresponding to input pulse (lower 
trace) 
o   Top right - 7B50 time base setting 
Test Procedure 
Various types of transformer damage were simulated on the experi- 
mental core and coil unit.  An RC substitution box was used to insert 
various values of resistance and capacitance between turns and between 
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the coil unit and ground.  The H„ winding was chosen for modification 
since it offered easy access in this particular test procedure. 
Three categories of tests were conducted as follows: 
1. Axial damage tests - In these tests, various portions of the 
windings were shorted out with a jumper in order to simulate a 
condition that might occur due to axial coil damage, i.e., a turn-to- 
turn fault.  Three tests were conducted in this group, shorting 
alternately the top, middle and bottom thirds of the winding in order 
to determine the sensitivity of LVI testing to axial damage occurring 
at various winding locations.  The amount of the windings shorted was 
also varied down to approximately one turn, however, since the results 
of these tests were substantially the same as the aforementioned tests, 
these results are not included. 
2. Radial damage tests - In these tests, various values of 
capacitance were added between the winding and ground.  Since it is 
known that as the diameter of the winding decreases, its capacitance 
increases, these tests, therefore, simulate a change in the radius of 
the winding.  Values of capacitance were alternately added between the 
top of the winding and ground and the bottom of the winding and ground 
in an effort to determine the sensitivity of the LVI testing to radial 
damage at various winding locations. 
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3.   Insulation failure to ground - This series of tests was per- 
formed by placing various values of resistance between the winding and 
ground.  This simulates an insulation breakdown between the winding and 
the core of various magnitudes.  This type of damage could occur due to 
shipment or large radial or axial movements of the coil assembly with 
respect to the core.  Also, carbon deposits due to long time overheating 
conditions within the transformer tend to manifest themselves as insula- 
tion failures. 
In this series of tests, the location and amount of the inserted 
resistance was varied in order to determine the sensitivity of the LVI 
tests to this type of damage as it occurs in various parts of the 
winding assembly. 
Discussion of LVI Test Results 
In this section, each of the 12 example LVI tests are described. 
Many additional tests were performed, but this series of tests was 
chosen as being representative of a large number of LVI tests performed 
on the experimental transformer and power transformers in active 
service.  Both wye and delta connected windings have been tested; and 
although their individual characteristics may vary, certain generaliza- 
tions may be applied regardless of winding size or configuration. 
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The results of the 12 LVI tests included in this thesis are 
presented in Appendix 1, pages 105-117.  The upper photograph in each 
figure is the time-varying oscilloscope response obtained directly from 
the LVI test.  The lower portion of each figure is the same response 
translated into the frequency domain by means of the Fast Fourier 
Transform.  Along the horizontal axis of the lower figure, harmonic //l 
in this frequency domain representation corresponds to the entire 
photographic "window" or, in this case, 100 kilohertz.  The subsequent 
harmonics are then simply multiples of this base frequency.  The 
amplitude scale shown along the vertical axis is simply for comparison 
purposes and does not have any direct physical significance. 
Test 1 (Appendix 1, Figure 1, page 106) 
In this test, the pulse was applied to H and the response taken 
from H„ - H„ in a system normal condition. 
This test was run in order to establish a normal response from H9 
minus H .  Note that the frequency distribution appears to be fairly 
even with the exception of a peak at the fifth harmonic and the block 
of any significant response in the seventh, eighth, or ninth harmonic. 
Also, this response was relatively small with the largest response 
occurring at the 17th harmonic at approximately .11 units in amplitude. 
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Test 2 (Appendix 1, Figure 2, page 107) 
Pulse applied to H and response taken from H  - H with the top 
33% of the H winding shorted by a jumper. 
In this particular test, the higher order harmonics (particularly 
harmonic #16 through #22) were substantially exaggerated over those of 
the system normal case.  The peak at harmonic #13 also increased in 
amplitude from approximately .07 units to approximately .115 units in 
amplitude.  In general, the amplitudes of the high frequency components 
seem to be significantly increased while the amplitudes of the low 
frequency components are reduced. 
Test 3 (Appendix 1, Figure 3, page 108) 
Pulse applied to H and response taken from H - H with the mid- 
33% of H„ winding shorted by a jumper. 
\ 
\ 
This particular test more closely approximated the results obtained 
from Test #1.  The amplitudes of the lower harmonics, e.g., harmonic 
numbers less than 10, are almost identical with those of the system 
normal condition, however, the higher order harmonics are still 
accentuated over those of Test #1.  This can be most easily seen by 
examining harmonics #16 through #20. 
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Test 4 (Appendix 1, Figure 4, page 109) 
Pulse applied to H.. and response taken from H„ - H„ with the bottom 
33% of the H winding shorted by a jumper. 
In this test, the fifth, 13th and 23rd harmonics predominated. 
This condition appears to cause the higher order harmonics (23 to 25) to 
significantly increase in amplitude. 
Test 5 (Appendix 1, Figure 5, page 110) 
Pulse applied to H. and response taken from H„ - H„ with 470 pF of 
capacitance added between the top of the H„ winding and ground. 
As can be seen by the overall magnitude of this frequency domain 
response, the LVI test is extremely sensitive to this kind of change. 
The fifth, 13th and 20th harmonics are highly exaggerated with the 13th 
harmonic peaking at .26 units. 
Test 6 (Appendix 1, Figure 6, page 111) 
Pulse applied to H  and response taken from H„ - H with 4,700 pF 
of capacitance added between the top of the A winding and ground. 
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This test contained the same basic frequency relationships as Test 
#5 (see Appendix 1, Figure 5, page 110) except that the amplitude of the 
entire envelope was increased.  For example, the amplitude of the 13th 
harmonic increased from .26 units in Test #5 to .28 units in this test. 
It should be noted at this point that these values of inserted capaci- 
tance represent a large magnitude radial change at a particular point. 
Decreasing the capacitance had the effect of reducing the largest 
magnitude harmonics until the trace was identical to the one in Test #1 
(see Appendix 1, Figure 1, page 106).  Actual radial transformer damage 
would tend to be somewhat more uniform and, therefore, should increase 
the amplitudes of all the harmonics shown in Appendix 1, Figure 1, page 
106, more evenly. 
Test 7 (Appendix 1, Figure 7, page 112) 
Pulse applied to H  and response taken from H„ - H„ with 470 pF 
capacitance added between the bottom of the H„ winding and ground. 
In this test, the three frequencies that predominated were the 
fifth, 15th and 22nd harmonics.  The amplitude of the 13th harmonic was 
considerably reduced as compared to that of Test #5 (see Appendix 1, 
Figure 5, page 110). 
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Test 8 (Appendix 1, Figure 8, page 113) 
Pulse applied to H  and response taken from H„ - H with 4,700 pF 
of capacitance added between the bottom of the H winding and ground. 
In general, the effect of the ten-fold increase in capacitance 
between the bottom of the H winding and ground was to increase all the 
harmonics in a relatively uniform manner.  The same general comments 
apply to this test case as applied to Test #6 on page 93. 
Test 9 (Appendix 1, Figure 9, page 114) 
Pulse applied to H.. and response taken from H„ - H~ with 1, 000 ohms 
of resistance inserted between the bottom of the H„ winding and ground. 
This condition is a fairly close representation of the system 
normal condition (Appendix 1, Figure 1, page 106) due to the somewhat 
large magnitude of the shunt resistance used.  However, differences in 
the frequency domain can clearly be seen in the higher order harmonics, 
Test 10 (Appendix 1, Figure 10, page 115) 
Pulse applied to H  and response taken from H - H with 100 ohms 
resistance inserted between the bottom of the H„ winding and ground. 
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In this particular test, there is a noted increase in harmonic 
numbers 22, 23 and 24.  In comparing this test to Test #8, the clear 
exaggeration of these higher order harmonics is clearly the most pre- 
dominate difference. 
Test 11 (Appendix 1, Figure 11, page 116) 
Pulse applied to H  and response taken from H - H with 1,000 ohms 
resistance inserted between the top of the H winding and ground. 
This test again approximates the system normal condition repre- 
sented by Test #1 (Appendix 1, Figure 1, page 106) with some exaggera- 
tion of the harmonics in the 17 through 21 range noted.  This condition 
is considered reasonable since this high magnitude resistance would 
represent a limited insulation failure. 
Test 12 (Appendix 1, Figure 12, page 117) 
Pulse applied to H and response^ taken from H - H with 100 ohms 
inserted between the top of the H winding and ground.  In this test, 
the 14th and 20th harmonics predominated. 
This condition closely approximates the condition outlined in Test 
#6 (Appendix 1, Figure 6, page 111) where 4,700 pF of capacitance was 
inserted between the top of the H winding and ground.  Since the 
driving function in these tests is a pulse with a very fast rise time, 
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the large magnitude capacitance inserted in Test #6 would appear to 
approximate a restricted fault to ground. 
A summary of the conclusions from these tests appears in Chapter 5 
starting on page 98. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
Low voltage impulse testing is a valuable diagnostic tool when 
used to determine the internal condition of power transformers.  This 
test is "fail safe" in that if response of the windings does not change 
between test periods, then no significant changes could have taken 
place inside the power transformer. 
If changes in the trace did occur, however, interpretation of these 
changes becomes more complex.  To date, any interpretation either of the 
absolute LVI response or the changes in response records has been 
primarily a matter of experience.  Observations have been made using 
the time domain response which indicate that large changes in the 
magnitude of the response seem to indicate radial damage while a shift 
in the phase or frequency content of the response indicate that some 
axial movement has occurred. 
Small changes in either the time domain or frequency domain response 
that occur from one time to another and do not follow a particular 
pattern or do not continue to increase in magnitude are, in general, 
due to minor changes in the test equipment or the transformer's 
electrical parameters, e.g., a change in the dielectric constant of the 
transformer oil due to temperature or moisture content will affect the 
response in a minor way.  Small changes in the LVI test response that 
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continue to increase in magnitude on subsequent tests, however, indicate 
an incipient damage condition and steps should be taken to inspect the 
transformer for possible changes in the winding structure before the 
transformer fails catastrophically.  Large changes in the LVI response 
from one test to another indicates the presence of incipient trouble. 
As a result of the experimentation outlined in Chapter 4, the following 
conclusions may be drawn concerning large magnitude changes in the 
LVI test response: 
1.   Axial Damage 
Axial damage (turn-to-turn or multiple turn-to-turn failures) 
is indicated by an increase in the magnitude of the higher order 
harmonics.  Low Voltage Impulse Testing appears to be less sensitive 
to this type of damage than it is to radial damage conditions so that 
small magnitude changes that increase in amplitude in subsequent tests 
must be closely scrutinized.  Axial damage occurring near the top of the 
winding also had the effect of decreasing the amplitude of the lower 
order harmonics.  Damage at the bottom of the winding seemed to. increase 
the magnitude of the low and high order modes.  Damage of this type in 
the center of the winding was the most difficult to detect with 
relatively small changes noted in both the time and frequency domains. 
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2.   Radial Damage 
Radial damage to the H winding was simulated by inserting 
various values of capacitance between the winding and ground.  The 
application of these capacitors had a dramatic effect on the response 
(see Appendix 1, Figure 5, page 110, Figure 6, page 111, Figure 7, 
page 112, and Figure 8, page 113).  Inspection of these differential 
responses indicates that the LVI test is extremely sensitive to changes 
in the winding capacitance to ground. 
Radial damage also affects the inductance of the winding.  As 
the diameter of the winding decreases and the capacitance to ground 
increases, the inductance of the winding decreases.   In the tests 
considered in this thesis, the winding inductance was not subsequently 
decreased due to the physical restrictions of performing such a 
reduction.  The effect of the inductance remaining the same is a 
decrease in the frequency of the natural modes of the winding.  Taking 
this experimental error into account, it appears that the effect of a 
radial change in a winding is a uniform shift in the amplitude of the 
frequency envelope.  A collapse of the winding towards the core will 
have the effect of uniformly increasing the amplitudes of all 
frequencies, but not shifting the frequency content, of the response. 
Increasing the coil diameter will have the opposite effect. 
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3.   Insulation Failure from Winding to Ground 
Due to the high frequencies represented by the input pulse in 
the LVI testing technique, purely resistive insulation failures to 
ground are difficult to distinguish from radial movement of the winding 
towards the core.  A 100 ohm restricted insulation failure located near 
the bottom of the winding to ground, produced a response similar to that 
of Test #8 (4,700 pF capacitance inserted between the bottom of the H„ 
winding and ground).  Increases in the resistance to ground above the 
1,000 ohms illustrated in these test cases closely approximated the 
system normal condition represented in Test #1. 
Since a winding-to-ground failure is frequently a result of 
long time overheating and subsequent local carbonization, restrictions 
in the order of 1,000 ohms are quite possible.  Also, the most likely 
places for these to occur are near the top and bottom of the winding 
where the turns are compressed by the clamping structure.  Therefore, 
the use of other tests outlined in Chapter 1, in conjunction with the 
Low Voltage Impulse Test, is highly recommended in order t<^ obtain 
complete diagnostic information. 
In summary, Low Voltage Impulse testing is an extremely powerful 
transformer diagnostic technique with the capability to detect small 
capacitive changes within the power transformer.  This techique is a 
valuable addition to the family of "conventional" diagnostic techniques 
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enumerated in the first chapter.  Examining LVI test responses in the 
frequency domain enhances this technique by clarifying data which is 
obscured by the complex relationship between amplitude and frequency 
in the time domain. 
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